INTRODUCTION

Atomic Oxygen Erosion Yield Measurements
Since the advent of low Earth orbital (LEO) spacecraft, such as the U.S. Space Shuttle, the Russian Mir Space Station and International Space Station, the oxidative and erosive effects of low Earth orbital atomic oxygen have had significant consequences upon the design and durability of spacecraft materials. Atomic oxygen in low Earth orbit is formed by photodissociation of diatomic oxygen by short wavelength ultraviolet radiation from the sun in an environment where the mean free path is sufficiently large that the probability of recombination or the formation of ozone is improbable. As a result, spacecraft orbiting the Earth run into the atomic oxygen with ram energies of -4.5 eV. Both the impact energy as well as the high reactivity of atomic oxygen results in oxidative erosion of most hydrocarbon polymer materials. In-space data to measure the sensitivity of materials to atomic oxygen erosion are commonly quantified in terms of the atomic oxygen erosion yield, which is the volume of material which is removed per incident oxygen atom. Measurements of atomic oxygen erosion in spact_ have been performed on numerous spacecraft by many investigators (refs. I to 3).
The atomic oxygen erosion yield of most polymeric materials (with the exception of silicones and materials containing metal atoms which produce nonvolatile oxides), is typically in the range of 0.337×10 -24 to 6.3× 10-24 cm3/atom (ref. 3) . This wide range of atomic oxygen erosion yields spanning more than an order of magnitude does not give great comfort to spacecraft designers who need to know, more accurately, the durability of typical spacecraft materials. Because in-space testing is expensive with available space being limited, many materials have not been tested in space. In addition, new materials continue to emerge which are in need of atomic oxygen erosion yield characterization for them to be accepted for use by spacecraft designers. Ground laboratory testing has been used with varying degrees of success to assist in providing prediction of in-space durability (ref. 2) . In addition
toground-based testing, analytical models have been developed which areuseful inpredicting in-space atomic oxygenerosion yields based onthecontent and structure ofhydrocarbon polymers (ref.4). Thedetermination ofatomic oxygen erosion yields fromin-space exposure data hasbeen dominated bythe measurement ofmass lossorthickness loss ofsamples exposed toeither afixedorasweeping direction arrival atomic oxygen. Although themost reliable erosion yielddata have been dominated byhighfluence space experiments such astheLongDuration Exposure Facility(LDEF), which received fixeddirection arrival ofatomic oxygen, (ref. 5),most LEOspacecraft have surfaces which areexposed toatomic oxygen inamanner which sweeps at various angles across thesurface during each orbit. Such sweeping arrival may have influences ontheatomic oxygenerosion yieldofthematerial. Thus, it isdesirable tomeasure theatomic oxygen erosion yieldformaterials exposed toatomic oxygen arriving fromavariety ofdirections andtobeable todosoinamanner that reasonable uncertainty exists overtherange ofexpected erosion yields. It is theintent ofthisproposed experiment tobeable to make such measurements tk_r awidevariety ofpolymeric materials. These results canthenserve asamaterials durabilitydatabase aswell ascontribute toerosion yieldpredictive modeling techniques. Thisdatabase will enhance the confidence inpredictive techniques withthegoal thataccurate results could bcachieved without requiring in-space characterization ofevery newmaterial.
Silicone Contamination andAtomic Oxygen Interactions
Theexposure of bulksilicones toatomic oxygen results intheoxidation ofmethyl groups which causes shrinkage andhardening ofthesurface ofthesilicones, andsurface conversion ofsilicone tosilica (refs. 6 and7).Spacecraft exposed totheLEOenvironment |orlongdurations such astheLDEFandMirSpace Station have indicated significant deposits ofsilica onnonsilica containing surfaces (ref. 5) .Thisisaresult ofvolatile silicone species depositing onsurfaces which areexposed toatomic oxygen resulting intheconversion ofsilicone tosilica(ref. 5). Depending onthecomposition ofsuch oxidized silicone contaminants, UVdarkening ofthecontaminant canoccur, thus changing thesolar absorptance properties which has thepotential foraltering thethermal balance ofthespacecraft ordiminishing theoutput ofphotovoltaic arrays. Perhaps what ismost disturbing inmany spacecraft experiments isthatthesource ofthesilicone contamination isnotwell understood. It istheintent ofthisexperiment to demonstrate atechnique forimaging sources ofthesilicone contamination.
SPACE EXPERIMENT Objective Summary
ThePolymer Erosion AndContamination Experiment (PEACE) isacollaborative research effort between Hathaway Brown School andtheNASAGlenn Research Center under thesponsorship oftheAmerican Chemical Society (ACS). Project planning began in 1998 when ACS afforded Hathaway Brown School theopportunity to conduct anexperiment using aGet-Away Special (GASCan) reservation toconduct anexperiment inthespace shuttle bay. ThePEACE objectives were developed toaddress atomic oxygen interaction issues related topolymer erosion andsilicone contamination forspacecraft operating inthelowEarth orbital (LEO) environment. Theobjectives oftheexperiment areto:(1)measure theatomic oxygen erosion yieldof-40different polymeric materials, and (2)toevaluate thefeasibility ofidentifying sources ofsilicone contamination using pin-hole contamination cameras which utilizeatomic oxygen toproduce images ofthesources ofcontamination.
Approach
Theoverall drawing ofthePEACE GASCanexperiment isshown infigure1.Toaccomplish thefirstobjective oftheexperiment, twotypes ofthinpolymer samples aretobeused toallowtbrmass lossmeasurements aswellas recession measurements tobemade. Themass lossmeasurements willbeused tocalculate theatomic oxygen erosionyieldofthesamples, Es,fromthefollowing equation. If the atomic oxygen fluence is predicted using the same sample size as the polymer test sample, then A s = A k and the equation of the atomic oxygen erosion yield of the sample polymers is then given by:
Because most polymers absorb water, accurate weight measurements require a consistent state of hydration to accurately determine the mass loss due to atomic oxygen exposure in space. To allow accurate measurements to be made, mass loss measurements will be made after vacuum dehydration of samples for at least 48 hr prior to the exposure to air for immediate weighing. This results in the samples having minimal variation in weight because of their very low state of hydration. Because the atomic oxygen fluence to which the samples will be exposed is not presently known, an additional more sensitive method will be used to measure atomic oxygen erosion yields by means of measurements of the recession of the polymer surfaces with respect to unexposed portions of the specimens. This will be accomplished by using either salt spray on polymers to deposit sodium chloride to protect sites on the polymer samples or by dusting with small mica flakes on the samples prior to flight. The salt or mica flakes, which are atomic oxygen durable, will be removed alter flight to allow the use of atomic force microscopy to measure the erosion step between the protected and the exposed area of the polymers. This technique will also be used on the Kapton H atomic oxygen fluence witness samples to allow accurate atomic oxygen fluence measurements in the event of a low fluence flight.
The atomic oxygen erosion yield of samples can be calculated from the atomic force microscopy recession data by the following equation: The second objective of the experiment involves the use of several sources of silicone contamination on one side of the GAS Can with pin-hole contamination cameras on the opposite side of the GAS Can (see fig. 1 ). The arrangement of silicone contamination samples allows atomic oxygen to impinge on the samples which are facing up but protects from atomic oxygen exposure the samples which are facing down. Both atomic oxygen exposed and non-exposed samples will be in view of contamination pin-hole cameras on the opposite side of the GAS Can. The silicones evolve from the samples, pass through an orifice in the pin-hole camera, and then deposit on iridiumcoated fused silica substrates which are also exposed to arriving atomic oxygen. Atomic oxygen impinging upon the depositing silicone contamination would convert the silicone to silica which would gradually increase in thickness with exposure duration in space. Upon retrieval from space, the silica contaminated iridium-coated fused silica sub- 
Apparatus
The GAS Can for this experiment consists of an open ended cylinder to allow exposure of the samples and materials to occupy the space which is -58 cm in diameter. An overall assembly drawing of the experiment shown as an exploded view is given in figure 2 . The polymer samples for mass loss measurements will be 2.54 cm in diameter with desired thickness on the order of 0.05 mm thick. The polymer samples for erosion depth measurements will be only 1.27 cm in diameter and of similar thickness. To obtain a qualitativc understanding of the amount of atomic oxygen flux arriving from various directions two atomic oxygen pin-hole cameras will be used, Silver coated glass hemispheres will be used in conjunction with pinholes in orifice plates to make pin-hole cameras which allow atomic oxygen to oxidize silver to produce an image of the arrival direction of atomic oxygen during the entire space exposure. Figure 4 shows a drawing of one of the two atomic oxygen pin-hole cameras to be used in the experiment. The inside diameter of the glass hemispheres is NASA/TM--1999-209180
4.55cmand thediameter oftheorifices will be0.51and1.27 mmindiameter. Thepurpose ofhaving twodifferent orifice diameters forthetwoatomic oxygen pin-hole cameras istobeconfident that atleast oneofthecameras will have sufficient atomic oxygen fluence arrival tosee thearrival direction andif ahighfluence exposure occurs, the smaller pin-hole will allowmore accurate angular determination. Thesilicone contamination portion oftheexperiment ispurposely mounted below theplane ofthepolymer samples tominimize contamination onthesurface ofthepolymer samples. Ascanbeseen fromfigure1,there will betwocontamination source assemblies each containing sixsilicone samples. Three ofthesamples will beexposed at-45°with respect to the axis of the GAS Can to allow atomic oxygen to impinge upon the sample and to allow a line of sight to the contamination camera at the opposite side of the GAS Can cylinder. An additional three samples are facing downward such that incident atomic oxygen would be shielded from the samples, thus each contamination camera will view six samples. Figures 5(a) and (b) show drawings of a typical assembled contamination camera and an exploded view of the camera. The contamination cameras allow a small portion of the contaminant flux to enter through an orifice plate and deposit on an iridium-coated fused silica substrate. This substrate is oriented at 45°with respect to the axis of the GAS Can. The camera tube is open to allow arriving atomic oxygen flux to convert deposited silicones to silica thus immobilizing the surface contaminants and allowing their gradual build up in thickness as normally occurs in space. The small orifice (0,5 mm diameter) allows for images of the sources of contamination to form on the iridium-coated fused silica substrate.
Exposure Considerations
The atomic oxygen fluence needed for this experiment depends upon the uncertainty deemed acceptable for the erosion yield of the polymers tested and the technique used to compute these erosion yields (mass loss or surface recession measured by atomic force microscopy). For the mass loss samples, if one assumes that a typical sample will have an erosion yield and density of approximately that of Kapton H polyimide, then based on equations (1) One canuse equations (6)and (8) Based on the mass loss and recession measurement technique, the fractional uncertainty as a function of atomic oxygen fluence can be plotted as shown in figures 6(a) and (b) for mass loss and recession measurements. Although one can feel most comfortable in interpreting mass loss data for samples, the standard deviation in erosion yield for a typical polymer material rises above 10 percent for atomic oxygen fluences less than ix 1019 atoms/cm 2, whereas use of atomic force microscopy recession measurements has only a 6 percent uncertainty at the same fluence. Based on these two plots it appears that useful atomic oxygen erosion yield data will result provided the mission has an atomic oxygen fluence in excess of Ix 1019 atoms/cm 3. For both measurement techniques the minimal uncertainty for high fluences is -3 percent for fluences in excess of 5×1019 em2/atom.
Materials
The 40 polymers currently being considered to be measured for atomic oxygen erosion yield are listed in table 1. These materials represent a variety of polymers currently being used, or considered for use, in space as well as polymers which were specifically chosen to assist in providing in-space data to correlate with computational methods to predict erosion yields.
The silicone samples will consist of silicones typically used in space of varying degrees of volatility. The silicones currently being considered consist of dimethylethoxysilane (which is sprayed on the Shuttle tiles to increase their water repellency), DC-93-500 (typically used to attach cover glass to solar cells) and CV-1147 (which is used between the solar cells on the International Space Station).
CONCLUSION
The Polymers Erosion And Contamination Experiment (PEACE) has been designed to be accommodated in a
Get-Away Special (GAS Can) experiment as an open can experiment in the Shuttle bay. Approximately 40 polymers will be evaluated to determine their atomic oxygen erosion yield by mass loss measurements as well as erosion depth through atomic force microscopy. The experiment will contain atomic oxygen pin-hole cameras to image the arrival flux in a qualitative manner impinging upon the samples. The experiment also contains 2 contamination cameras which are designed to image sources of contamination from silicone sources located below the polymeric sample plane. The development of the pictures of the sources of contamination will be achieved by first fixing the contaminants by exposure to atomic oxygen to convert silicone to silica. Scanning variable angle spectroscopic ellipsometry will then be used to measure the very small thicknesses of contaminants which should deposit in a manner that images their sources. The atomic oxygen fluence necessary to achieve -3 percent uncertainty in results appears to be 5x 1019 atoms/cm 2. 
